Hairy structures in nature function to sense smells and capture nutrients from surrounding fluid. Motivated by the complicated fluid transport processes observed in biological hairy structures, we numerically investigate the dynamics of fluid particles around multiple solid objects moving in a quiescent fluid, using simple two-dimensional cylinder models in the low-Reynolds-number regime (Re = 1-100). The behavior of fluid particles entrained by a moving cylinder array is analyzed by tracking particle trajectories and computing the drift volume, which indicates the amount of fluid particles transported by the moving cylinders. Hydrodynamic blockage of gaps within the cylinder array, which arises from the overlap of shear layers due to viscous diffusion, is critical in determining the overall fluid particle dynamics. As the number of cylinders increases, the deformation of the material line composed of fluid particles and the magnitude of the resultant drift volume show consistent patterns, despite undergoing drastic changes, and they converge to a specific configuration and magnitude, respectively. This study shows that visualization and quantification of collective fluid transport by multiple solid bodies are important to evaluate the efficiency of fluid transport for a collection of multiple bodies and to find its optimal configuration.
Introduction
Appendages with hairs are commonly found in small organisms, which raises intriguing questions about their form and function and about potential bio-inspired applications. Biological studies of hairy appendages have found that they play a key role in olfactory sensing [1] [2] [3] [4] . Chemical signals such as odorous particles are selectively filtered when they pass through gaps between bristles. Hairy appendages also function to capture nutrients from surrounding flow, in a process known as suspension feeding [5, 6] , and to generate propulsive forces through paddle-like behavior [2, 7] . Hairy appendages are also found in the epithelial membrane of a large vertebrate as ciliary structures, which are well known to contribute to various in-vivo mass transport processes [8] [9] [10] .
From a fluid dynamical point of view, the form and function of small hairs are very closely related to some interesting properties of low-Reynolds-number flow. At low Reynolds number because of strong viscosity diffusion of the shear layers generated inside the gaps between hairs, these shear layers overlap rapidly as they are generated, and the gaps are hydrodynamically blocked with negligible leakage through them [11] [12] [13] . This blockage effect becomes more dominant at a smaller Reynolds number. The biological implications of such hydrodynamic blockage have been studied for a number of organs in small organisms, such as the wings of fairyflies and the lappets of juvenile jellyfish, as well as antennae-like hairy appendages [11] [12] [13] [14] [15] [16] .
With regard to hairy appendages, on which we focus in this paper, a parametric study by Cheer and Koehl [17] showed that their behavior changes from a rake mode for food capture to a paddle mode for locomotion, or vice versa, when the Reynolds number is changed. The main dependent variable in that study was the ratio of the fluid volume that actually passes through a hair gap to the volume swept by the hair per unit time, which was defined as the leakiness and was found to depend on both Reynolds number and gap width. The transition between low and high leakiness was found to occur in a particular range of Reynolds number (Re = 0.01-1) and for closely spaced hairs. In addition to leakiness, shear gradients near the hair also play an essential role in filtering when hairy structures act as leaky paddles [18] . It has been claimed that efficiency in sensing molecules at the surface of hairs in a convecting flow is determined by the balance between two effects, namely, the volume flow rate of fluid through the gaps and the velocity gradient near the surface [2, 3] .
Although many studies have been conducted on the hydrodynamics of hairy appendages, little information is available on the Lagrangian dynamics of fluid particles or inertial particles whose motion is induced by these appendages. In this paper, as a fundamental step toward understanding the complex biological transport processes related to hairy structures, we investigate the flow structure and the collective motion of fluid particles dragged by unidirectional translation of circular cylinders. Moreover, the effect of hydrodynamic blockage, which appears between two separate cylinders, on the fluid transport near the cylinder structures is analyzed. In our numerical simulation, an array of two-dimensional cylinders is used as a simple representation of a hairy structure, with the Reynolds number varying between 1 and 100 in order to examine viscous effects on fluid transport. To see the change in the effectiveness of the blockage effect of the appendages, the Reynolds number, gap width, and the number of cylinders are chosen as variables. The flow fields are obtained using an in-house immersed boundary method, and the trajectories of fluid particles are computed to allow visualization of the transport process. To quantify the magnitude of fluid transport and analyze fluid entrainment phenomena, the concept of drift volume is employed [19] .
With our focus on the temporal change of a material line composed of fluid particles and the drift volume, we first consider a single cylinder to determine the effect of viscosity (Reynolds number). We then extend our model to double cylinders with various gap widths and explore the influence of their mutual interaction on fluid transport. Lastly, we discuss the characteristics of the collective transport process induced by an array of cylinders.
Problem Description

Cylinder Model
Although hairy structures in nature are three-dimensional, here we simply consider an array of two-dimensional rigid cylinders ( Figure 1 ). This simple model is reasonable in that a hair is generally long in one direction, relative to its cross section. Rigid cylinders have radius R and translate with constant horizontal velocity U in a quiescent fluid. For the multiple cylinders discussed in Sections 3.2 and 3.3, the gap width G between the cylinders ranges from R to 5R. To examine the collective response of fluids, the number of cylinders N is also varied in the range 1-5.
The Reynolds number Re is defined as U(2R)/ν, where ν is the kinematic viscosity of the fluid. Previous works on moving arrays of cylinders have considered the high-Reynolds-number regime Re ≥ O(10 4 ) [20] . In addition, in a potential flow, the school of multiple moving cylinders was modelled using the method of image doublets to examine mixing diffusivity in various configurations [21] . However, the disturbed flow in which we are interested is motivated from biological hairy structures which have generally small Re. The Reynolds number of the flow produced by ciliary structure is mostly below unity, but a relatively high Reynolds number is often found in nature. The motion of the cilia of a comb jelly is known to have Reynolds number of the order 1-100 [22] [23] [24] . In addition, the flow near a bristled wing of a microscopic insect has the Reynolds number of the order 10 based on its chord length and flapping speed [15, 16] ; experimental and numerical studies regarding the aerodynamic effect of simple bristled models were conducted in the Reynolds number of the order between 1-1000 [12, 13] . Hence, the Reynolds number in our study ranges between 1 and 100. 
Numerical Method for Velocity Fields
In this study, we use an in-house code for the simulation of moving cylinders in a fluid domain, which is based on the sharp-interface hybrid Cartesian/immersed boundary (HCIB) method proposed by Gilmanov and Sotiropoulos [25] . For a fluid domain, the finite difference method in Cartesian coordinates is employed in discretizing the governing equations for incompressible laminar flow, which are given as
where the dimensionless terms were defined as x * = x/2R, ∇ * = 2R∇, u * = u/U, t * = Ut/2R, p * = p/ρU 2 , and ρ, ν, p, and u are fluid density, kinematic viscosity, pressure, and fluid velocity vector, respectively. The no-slip boundary condition was imposed on the surface of each cylinder, and the fluid was assumed to be quiescent in the far field. The three-time-level second-order difference scheme was chosen for time, and the second-order linear-upwind scheme and standard central difference discretization were adopted for convective terms and diffusive terms, respectively. Here, the entire system of equations becomes nonlinear owing to the presence of nonlinear convective terms. Thus, Newton's method is used to solve the equations, incorporating the matrix-free generalized minimal residual method (GMRES) [26, 27] . For the fluid domain, the fractional step method of Van Kan [28] is adopted, with pressure-velocity coupling on a collocated grid layout. The momentum equations are discretized on the collocated grids and are interpolated to cell faces via third-order one-dimensional quadratic upwind (QUICK) interpolations. The HCIB method benefits from the sharp interface characteristic of Cartesian methods, rather than diffusing the interface over several cells. Furthermore, the HCIB method does not require complex cell reconstruction and grid modification near immersed interfaces [25] . For the complete solution procedure of the HCIB method, we refer to Gilmanov and Sotiropoulos [25] and Ge and Sotiropoulos [29] . For numerical simulation, a rectangular fluid domain is expanded vertically to [−30R, 30R]. The horizontal length of the fluid domain was chosen to be large enough in order to avoid boundary effects that arise from the velocity inlet and pressure outlet boundary conditions; it varies in each case and has a minimum value of 40R. The fluid domain is divided into uniform square grids of size dx = dy = 0.04R near the cylinders and nonuniform rectangular grids whose spacing increases gradually farther from the cylinders; the moving cylinders reside in the region of uniform square grids. An appropriate grid size is chosen by checking grid convergence. For the grid convergence test, the grid size is varied between dx = dy = 0.02R and dx = dy = 0.08R, and it turns out that the flow field exhibits negligible changes for grid sizes in this range. The maximum differences in velocity and vorticity across the whole flow field are within 1% for all cases. Therefore, the grid size is set as dx = dy = 0.04R for all cases to balance resolution and computational cost.
A criterion based on the Courant-Friedrichs-Lewy (CFL) number is used to choose a proper time step, which restricts a Lagrangian point on the cylinder to pass less than one grid of the fluid domain in each time step. In all cases, the time step is set as 0.00125R/U, for which the CFL number is smaller than 0.6. The total number of grids varies with the number of cylinders considered for the simulation; for example, N x × N y = 1311 × 551 for a single cylinder.
Drift Volume
To quantify the fluid volume transported by our cylinder model, we employ the concept of drift volume. The drift volume was first proposed by Darwin [19] for potential flow in an infinite fluid domain. An immersed rigid body is initially placed far upstream from an infinite flat plane of fluid particles and is translated with a constant velocity in the direction normal to the plane. As the rigid body approaches and passes the plane, fluid particles near the moving body are transported (dragged) along its trajectory. The drift volume is defined as the volume spanned by the initial plane of fluid particles and the deformed plane at a certain time after the body moves farther beyond the initial plane [19] . The drift volume in an ideal fluid always converges to a certain value, which is equivalent to the volume of added mass. The effect of a finite fluid domain was also described in terms of the drift volume by Eames et al. [30] . According to Eames et al. [30] , a finite initial distance between the plane of fluid particles and the body results in the generation of a negative displacement region of the fluid particles, called reflux.
Although our model is immersed in a viscous fluid, the concept of drift volume is useful to quantify fluid transport by multiple cylinders and to compare the influence of the number of cylinders and the Reynolds number. In fact, the drift volume has been used for viscous flow in many studies [31] [32] [33] [34] [35] . Recently, Chisholm and Khair [36] investigated partial drift volume of a self-propelled swimmer in various Re regions and its correlation with fluid transport capability of the swimmer. For our two-dimensional model, a line, rather than a plane, of fluid particles is considered ( Figure 1 ). Fluid particles initially placed on a vertical material line (x = 0, the dashed line in Figure 1 ) are entrained by moving cylinders and drifted along the x direction. In our study, the drift volume D is obtained by computing the area enclosed by the deformed material line and the initial material line, which corresponds to the shaded area in Figure 1 . Note that, because of the viscous nature of the fluid, the drift volume is time-dependent. To compute the drift volume, only fluid particles with positive Lagrangian displacement in the x direction are considered. Therefore, the y coordinate considered for the drift volume is restricted to lie within [y min , y max ], where y min and y max denote the y coordinates at which the distorted material line crosses the initial vertical line (Figure 1 ). The initial distance x 0 between the vertical material line and the center of the cylinder is 10R (Figure 1 ), which is sufficiently long that the initial influence of the moving cylinder on the deformation of the material line is negligible.
In contrast to the definition of drift volume that is generally used, we do not subtract the cylinder area in the computation of the drift volume when the cylinder crosses the vertical material line. At low Reynolds number, the drift volume tends to increase as the cylinder model continues to move, as will be shown in Section 3.1. Thus, the cylinder area is generally small in comparison with the magnitude of the drift volume. In addition, since the goal of this study is to characterize fluid transport using drift volume, whether the cylinder area is included or not does not alter our main arguments.
Initially, fluid particles are uniformly distributed on a vertical material line ( Figure 1 ). We constrain this line to have a finite length of 52R, which is long enough to evaluate the drift volume for all cases; particles at the top and bottom ends of the line are barely displaced in the x direction. The trajectory of each fluid particle is obtained from the Lagrangian derivative using a second-order Runge-Kutta method. Numerical integration for the drift volume is performed using the extended Simpson's rule. Since we integrate discrete points to compute the drift volume, it should be noted that varying the number of fluid particles may change its magnitude. To examine the sensitivity of the drift volume to the number of fluid particles considered in the computation, we vary the initial spacing between the fluid particles as 0.0325R, 0.065R, 0.13R, and 0.26R and find little difference in the deformed material line between 0.0325R and 0.13R. Therefore, we adopt 0.13R as the initial spacing of fluid particles for all cases.
The drift volume is nondimensionalized using the area of a single cylinder πR 2 :
The dimensionless time t * is Ut/2R, and t * = 0 when the center of the cylinder crosses the vertical material line at x = 0; t * < 0 and t * > 0 before and after its center crosses x = 0, respectively.
Results and Discussion
Single Cylinder
We first examine the effect of Reynolds number on fluid drift for a single cylinder. Although single-cylinder cases are not directly relevant to fluid transport by hairy structures, they are essential in understanding how changes in viscosity influence the behavior of fluid particles. Vorticity fields and particle trajectories are compared for different Reynolds numbers between 1 and 100 in Figure 2 . At Re = 1, vorticity is more widely diffused along the y direction compared with Re = 10 and Re = 100. Because of strong viscous diffusion, fluid particles gain more velocity in the region far from the cylinder. As a result, x directional drift occurs for a wider range of the initial material line, and the deformed material line forms an arc-like shape since drift is largest near the cylinder and decreases monotonically in the positive and negative y directions. As the Reynolds number becomes larger, fluid particles near the cylinder are not dragged so much, and, at Re = 100, the region of drift is almost confined to the diameter of the cylinder. The continuous distortion of the material line leads to temporal variation of the drift volume D * (Figure 3a ). For Re = 1 and Re = 10 because of the disturbed flow in front of the cylinder, noticeable drift occurs even before the cylinder front touches the initial material line. This is clearly illustrated at t * = −2 in Figure 2a . However, drift is more effective when fluid particles are dragged behind the cylinder after t * = 0, since they are then placed in the region of higher disturbed flow velocity. The slope of D * gradually increases before t * = 0 and maintains a nearly constant slope after t * = 0 instead of converging to a specific value at t * < 5 (Figure 3a ). Although not presented here, we have confirmed that, at Re = 1 and Re = 100, the slope of D * gradually decreases, but D * does not converge until t * = 35. This is attributed to fluid particles very close to the cylinder, whose velocities remain comparable to the velocity of the cylinder: u/U ≈ 1. Although Re is not small enough to expect Stokes-flow behavior, at Re ≤ O(10), viscous effects are so strong that the drift volume keeps increasing. On the other hand, at Re = 100, vorticity is confined to a small y range where the particles are influenced by the rotational motion caused by vortex shedding by the cylinder and tend to head toward the horizontal centerline (Figure 2c) . Thus, as time advances, the width of the material line becomes narrower, which leads to a reduction in D * after the cylinder has proceeded a sufficient distance (t * ≈ 3). According to Figure 3a , drift volume is inversely related to Reynolds number at a given time, which can also be seen from Figure 2 . For example, at t * = 5, D * = 21.5 for Re = 1, which is 2.2 and 7.9 times the values for Re = 10 and Re = 100, respectively. Furthermore, Figure 3b shows how viscous effects change the rate of change of drift volume dD * /dt * for Re ≤ 100. The common trend is that, after t * > 0, dD * /dt * tends to decrease almost linearly with a logarithmic change in Re. This linear relation is more obvious at t * = 1; however, for t * > 1, deviation is observed, especially at higher Reynolds number.
Double Cylinders
When two close solid bodies translate side-by-side at low Reynolds number, owing to strong viscous diffusion of vortices (shear layers) generated by the bodies, two counter-rotating vortices in the gap between the bodies will overlap and cancel each other, and the gap will be hydrodynamically blocked by viscous diffusion; i.e., fluids around the bodies rarely penetrate into the gap and behave as if the gap were blocked [12, 17] . Such a hydrodynamic barrier is also identified in our double-cylinder model. In Figure 4 , the vorticity fields are obtained for Re = 1-100 at three different time steps. At Re = 1, counter-rotating vortices inside a gap are annihilated by viscous diffusion and are hardly observed during the time span considered in our study (Figure 4a ). Only two vortices outside the cylinders are observed. Because of the hydrodynamic barrier, the material line of fluid particles deforms into an arc shape without any penetration though the gap. The effect of the fluid barrier weakens as the Reynolds number grows. For Re = 10, fluid particles in front of the cylinders initially drift together, but penetration eventually occurs at around t * = 6 (Figure 4b ). At higher Reynolds number (say, Re = 100), two counter-rotating vortices are clearly observed inside the gap, and downstream convection of vorticity is prevalent rather than its diffusion. Noticeable penetration of fluid particles results in complicated distortion of the material line (Figure 4c In Figure 5 , the material lines of entrained fluid particles of moving double cylinders (Re = 1) for four different gap widths G are illustrated after the double cylinders have passed through the initial material line (t * = 10). Although the gap-blockage effect is predominant at low Reynolds number (Re = 1), the deformation of the material line and the magnitude of the drift volume are clearly affected by the gap distance G between the two cylinders ( Figure 5 ). At G = R, the material line maintains a convex shape near the cylinders as if it were being drifted by a single connected body. However, with increasing G, penetration of fluid particles begins to occur earlier and the penetration depth becomes greater. Instead of being convex, the material line displays two peaks around the positions of the two cylinders. At a given time, the drift volume increases monotonically with G, but eventually converges, as can be confirmed from the curves of G = 3R-5R in Figure 5e ; as G approaches infinity, which represents the case of two independent cylinders, D * will converge asymptotically to twice the drift volume of a single cylinder. Further work has been conducted on the penetration of the material line. Here, the penetration time t * p is defined as the time at which a centerline particle of the material line reaches the same x coordinate as that of the center of the moving cylinders; without any drift, t * p = 0. From Figure 5f , we can confirm that t * p is approximately inversely proportional to G/R: t * p ∼ (G/R) −1 . For example, t * p = 22.8 for G = R increases sevenfold from the value t * p = 3.0 for G = 5R. The velocity of fluid particles in the gap decays as the double cylinders continue to proceed, and even for small G, penetration eventually occurs, no matter how long this takes.
When the material line (red) of double cylinders is compared with the two superimposed material lines (blue) of a single cylinder for the four cases in Figure 5a -d, two common trends are found. First, regardless of the strong blockage effect at small G or the penetration at large G, the existence of a nearby cylinder induces drift of fluid particles near the centerline (y * = 0), which results in a gain in the drift volume near the centerline. Second, the material line of the double cylinders is dragged less near y * = 5 and −5 compared with the single-cylinder case, and even undergoes stronger reflux (negative Lagrangian displacement in the x direction) over a wider range, which ends up leading to a loss in drift volume.
For double cylinders, the areas for gain, loss, and overlap in drift volume, relative to the single-cylinder case, are denoted by blue (D * gain ), yellow (D * loss ), and red (D * overlap ), respectively, in Figure 6a . Here, we will quantify the variation of gain and loss volumes by the gap width G. At low Reynolds number (Re = 1), the material line is symmetric with respect to the centerline, and only the upper half will be evaluated. Instead of the drift volume D * normalized by a single-cylinder area (πr 2 ), another dimensionless drift volume D * unit is used, which is normalized by the total area of two cylinders (2πr 2 ). D * unit is equivalent to the drift volume of the red material line above the centerline in Figure 6a . Then, D * unit for double cylinders can be expressed as
In Figure 6a and Equation (3), D * single is the drift volume for the single-cylinder case, and D * overlap is the area subtracted owing to the overlap of two drift volumes for the single-cylinder case. For any gap width G, D * unit is smaller than D * single . For example, at t * = 10, corresponding to Figure 5 , D * single is 31.1 while D * unit is between 24.7 and 29.4 for G = R-5R. In Figure 6b , D * gain is greater than D * loss for all gap widths considered in this study: D * gain − D * loss > 0. Nevertheless, D * overlap is large enough to offset the net gain (D * gain − D * loss ), and, as a consequence, D * unit is smaller than D * single . The monotonic decrease of D * overlap with increasing G in Figure 6b follows straightforwardly from geometrical considerations; with further separation of the two cylinders, D * overlap will fall to zero. Meanwhile, the variations of D * gain and D * loss with G are quite intriguing in that they rely on the viscous effects of particle drift. As G increases until G = 5R, the downstream region of the gap expands, contributing to D * gain . However, penetration of the material line proceeds simultaneously and is conspicuous at larger G. For this reason, the rate of increase of D * gain gradually reduces with G; the rate is found to be 1.4 from G = R to G = 2R, but only 0.1 from G = 4R to G = 5R (Figure 6b ).
As fluid particles near the centerline drift along the moving cylinders and generate D * gain , reflux should occur at the outer sides of the cylinders in order to satisfy mass conservation (Figure 5a-d) .
In addition, the vortex at the outer side shown in Figure 4a induces fluid particles behind the cylinders to move toward the centerline, which sequentially causes the material line to recede. Note that the vortex inside the gap is annihilated and cannot counteract the motion of the fluid particles moving toward the centerline. The reflux and the vortex-induced motion of the fluid particles result in recession of the material line and formation of D * loss . In other words, D * loss is accompanied by D * gain , and they actually show a similar trend in terms of the change in G. Although both D * gain and D * loss continue to increase in the range of G tested in this study, they will start to decrease at a certain G and will become zero when the gap-blockage effect disappears and the material line is deformed independently by each cylinder.
An Array of Cylinders
For a configuration more relevant to biological hairy structures, the collective behavior of an array of cylinders is investigated with respect to material line dynamics and drift volume. In Figure 4 , the cases Re = 1 and Re = 10 exhibit similar wake patterns: two counter-rotating outer vortices are steadily attached to the cylinders, and two inner vortices are canceled out. If the gap width between the cylinders is small enough (e.g., G = R), this wake pattern is reproduced in an array of cylinders, no matter how many cylinders there are: only two counter-rotating outer vortices are steadily sustained, with all inner vortices being smeared out. In this subsection, since similar patterns of flow structure and material line deformation are expected between Re = 1 and Re = 10, Re is fixed as 1.
For all cases with different numbers of cylinders considered in this study (N = 1-5), the shape of the material line shows a noticeable change with increasing N. In Figure 7a -d, the behavior of the material lines for different arrays of cylinders is depicted, and the corresponding drift volumes D * are computed in time series from t * = −5 to t * = 10. The front of the line becomes flatter and drifts slightly faster for larger N. It also becomes wider in the y direction (Figure 7a-c) . As a result, D * increases with N as expected ( Figure 7d ). As cylinders are added one by one, the increment in D * is almost constant in all phases of the translation; i.e., the gap between two adjacent curves in Figure 7d is almost constant at a given time. With increasing N, reflux also increases in accordance with D * . Refer to Section 3.2 for the relation between drift volume and reflux. Interestingly, for large N (e.g., N = 5), the material line near x = 0 continues to narrow as time advances (Figure 7a,c) . Eventually, the width of the material line near x = 0 becomes almost identical for t * in the range 5-10.
For an array of cylinders, a hydrodynamic barrier is formed inside all the gaps, and the cylinder array can be regarded as a flat plate. The length L from one end of the array to the other is then the dominant factor affecting the overall geometry of the material line. To exclude the effect of length L in the comparison of material lines, the y coordinate is scaled with L rather than with 2R:
As N increases, material lines scaled by L in the y direction tend to approach a single material line (say, the line for N = 5 in our study) (Figure 7e-g) . The collapse of the scaled material lines is clearer in the region close to the cylinder array. Meanwhile, it is noteworthy that the y-directional shrinkage of the scaled material lines with increasing N is observed near x = 0 far behind the array, which is accompanied by significant reflux as mentioned above. Asymptotic convergence with increasing N also emerges in the drift volume scaled with N ( Figure 7h ). In Figure 7h , the drift volume is scaled with the total area of the cylinders rather than with the area of a single cylinder:
whereas D * increases with N, D * unit decreases with N and converges to the case of large N (say, N = 5). At t * = 10, D * unit decreases by 19.3% from N = 1 to N = 2, but by only 3.4% from N = 4 to N = 5. A noticeable trend in Figure 7a -c is that, for large N, the material line near x = 0 becomes narrower as time goes on, although the material line near the cylinder array remains wide, and this eventually results in the formation of a neck near x = 0. The width of the material line at x = 0 decreases about 60% from t * = 0 to t * = 10 for N = 5. The formation of the neck is attributed to counter-rotating outer vortices at both sides of the array.
The velocity fields for each array of cylinders are depicted in Figure 8 . Here, u and v components are compared for N = 3 array at t * = 5 in Figure 8a , and v components for arrays with different numbers of cylinders are shown at t * = 10 (Figure 8b-d) . Because of the hydrodynamic barrier, the cylinder array produces a homogeneous region of positive u velocity and drags fluids behind the array (Figure 8a ). The u velocity is strongest just behind the array and decreases gradually downstream. Large drift in the x direction is accompanied by the formation of strong outer vortices. The outer vortices induce a velocity field with a significant v-velocity component, which results in fluid particles heading toward the centerline y = 0 (Figure 8a ). In Figure 8a , near x = 0, the maximum v/U is about 0.26, which is comparable to the maximum u/U(= 0.26). In Figure 8b -d, on the material line in the wake, the v velocity is not uniform: its magnitude increases gradually from the cylinder array to x = 0 (in the negative x direction). This nonuniform distribution causes formation of a neck near x = 0.
The v velocity near x = 0 is stronger for larger N, producing a more noticeable neck.
We have demonstrated that the addition of a cylinder increases the drift volume D * at any time before and after t * = 0 (Figure 7d ). However, this result does not mean that adding a cylinder always contributes to D * . In Figure 7 , the gap width is fixed as G = R to ensure a strong blockage effect, and the length L from one end to the other (Equation (4)) is varied. On the other hand, let us consider fixed L for the two outermost cylinders and place additional cylinders between these two, thereby increasing N. In this scenario, with increasing N, the overall blockage effect will continue to become stronger, either by direct obstruction of flow due to the added cylinders or by enhancement of the fluid barrier due to the narrower gap width G. For finite L, the space between two adjacent cylinders will eventually become blocked with further increase in N. Thus, as N increases, the effect of the blocking behavior on drift volume will become negligible.
To find the relation between drift volume and number of cylinders for fixed length L, we first position two cylinders with G = 10R and then examine the changes in the material line and drift volume when additional cylinders are placed between them such that the cylinders are equally spaced and G between two adjacent cylinders is varied: N = 2 (G = 10R), N = 3 (G = 4R), N = 4 (G = 2R), and N = 5 (G = R) (Figure 9a,b) . In contrast to Figure 7 , which exhibits similarity of material lines when they are scaled withŷ * (= y * /L), variation of G allows different behaviors of the penetrability through the gap, which breaks the geometric similarity near the cylinder array. In Figure 9a ,b, fluid penetration through the gap occurs for N = 2 and N = 3, while complete blockage of the gap is observed for N = 4 and N = 5. The time history of D * in Figure 9c also shows an irregular pattern. Because of the formation of irregular material lines for the four cases, in contrast to Figure 7d , which exhibits a linear increase in D * with increasing N, the increase in D * is not regular. That is, the spacing between the curves for N = 2-5 is not uniform (Figure 9c ). Interestingly, the front of the material line for N = 4 proceeds slightly faster than that for N = 5 (Figure 9a,b) . In the meantime, the neck near x = 0 recedes faster toward the centerline. The trend at the front is opposite to the trend observed in Figure 7 ; compare the material lines for N = 4 and N = 5 between Figures 7 and 9 . Because of the more rapid advancement of the front, the drift volume for N = 4 can be even larger than that for N = 5 from t * = −5 to t * = 2.6 ( Figure 9c ).
In addition to D * , D * unit also exhibits irregular behavior without uniform convergence with increasing N, in contrast to Figure 7h (Figure 9d ). Noticeably, while D * unit for N = 3 is always smaller than that for N = 2 in Figure 7h , D * unit for N = 3 is always larger than that for N = 2. This trend is mainly because the material line for N = 3 exhibits much smaller penetration at the gaps, leading to larger D * unit as well as D * . Furthermore, D * unit for N = 4 exceeds the other cases for a finite time span (t * < 0), owing to the more rapid advance of the front material line as mentioned above.
In this study, we have adopted drift volume to evaluate the efficiency of fluid transport, and admittedly we could have considered another parameter suitable for a given problem. Nevertheless, the results in Figure 9c ,d indicate that, for a given condition (say, fixed L in our study), there may be an optimal number (and configuration) of solid bodies to effectively transport fluid volume around them, and this optimal number will depend on how we define the effectiveness: for example, D * or D * unit in our study.
Conclusions
We have numerically investigated fluid transport induced by translating motion of two-dimensional cylinders, which is inspired by transport phenomena found in biological hairy structures for olfactory sensing and food capture. Strong viscous diffusion at low Reynolds number allows more fluid to drift along a cylinder, and a material line composed of fluid particles that is initially straight and perpendicular to the direction of motion of the cylinder deforms into an arc shape. When multiple cylinders translate, viscous diffusion may prevent penetration of fluid through the gaps between cylinders. The material line then deforms as if the cylinder array were a continuous flat plate. As the number of cylinders increases, if the material line is properly scaled with the total length of the cylinder array, it converges to a specific shape that has nonuniform width downstream of the array. Accordingly, the drift volume per total cylinder area decreases with increasing number of cylinders, and asymptotically approaches a specific value. The collective interaction of a moving cylinder array due to strong viscous effects suggests that the configuration of the array could be optimized to enhance the efficiency of fluid transport.
In this study, to allow quantification of fluid transport under various conditions, as well as analysis of its characteristics, we have simplified the model as comprising two-dimensional cylinders and have focused on the temporal deformation of a fluid material line and the temporal change in drift volume. Although this study provides insight into the collective performance of fluid transport in a low Reynolds-number flow, in order to elucidate the collective hydrodynamic behavior of the hairy structures that occur in nature and its biological implications, we should consider more elaborate physical models and transport phenomena coupled with the convection and diffusion of chemicals and the dynamics of inertial particles. These are left as topics for our future work.
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